ABSTRACT: This article investigates the influence of the key preprocessing parameters on the quality of the dispersion image obtained from the active Multichannel Analysis of Surface Waves (MASW) survey. Dispersion image of best resolution is a necessity to obtain meaningful and reliable outcome from active MASW survey. Based on the field experiments conducted at two different sites, having varying site characteristics, the effects of sampling frequency, sampling length, filtering and muting are highlighted on achieving a high resolution dispersion image. It is observed that the sampling time is site dependent, and there exists an optimal combination of sampling time and sampling frequency to produce good quality dispersion images. Optimal sampling time should allow for completion of phase propagation through the receiver array, while discarding noise adulteration arising due to excessive sampling. Frequency filtering of the signals is essential to remove adulterating noises, the range of which can be decided by the normalized amplitude spectra. Based on the application of various filters, Band-pass filtering is noted to be the best in obtaining a high resolution dispersion image, followed by the High-cut filter which produces a truncated dispersion image. Muting should be optimal without the loss of significant energy content and careful removal of noise adulteration. Muting on unfiltered wavefield records produces aliasing effects in the dispersion images, and hence, combined application of optimal muting on band-pass filtered wavefields should be used to produce a refined dispersion image of a high resolution.
INTRODUCTION
Multichannel Analysis of Surface Waves (MASW) is a non-destructive seismic exploration method for evaluating the 1D, 2D and 3D stiffness profile of the subsurface. It is a surfacewave method (Park et al 1999) in which the vibrations are generated at the ground surface by various sources such as sledgehammer, automatic generator, electro-mechanical shakers or bulldozers. The generated waves propagate through the soil and are acquired using an array of geophones. The collected records are analyzed to obtain a shear wave velocity profile of the substratum. Subsequently, the shear wave velocity can be successfully used to estimate the shear modulus, which can be further utilized for different types of geotechnical analysis.
A very common practice of subsurface profiling has been the use of borehole surveys for seismic up-hole, down-hole and cross-hole investigations. Such practiced techniques are costly and, moreover, disturbs the natural fabric of the soil medium. Moreover, the spacing between the boreholes has every possibility of missing or misinterpreting the variations or heterogeneities in the subsurface profile. For the last few decades, Multichannel analysis of surface waves (MASW) is used as a complementary method for these conventional seismic investigations due to its inherent advantages of being less time consuming, non-destructive and capable to provide a continuous subsurface profile highlighting the geometrical heterogeneities within the substrata.
MASW has been used by several researchers to determine the subsurface shear wave velocity profile (Miller et al 1999; Xia et al 1999; Yilmaz and Eser 2002; Tian et al 2003a,b; Beaty et al 2002; Liu et al 2004; Lin et al 2004) . It has been reported that the outcome of a MASW investigation is affected by the choice of data acquisition parameters, namely the sampling frequency, sample length, along with the data preprocessing parameters such as muting (Morlet 1983; Sauvin et al 2016) and filtering (Dziewonski et al. 1969; Ivanov et al 2005) .
Sampling frequency, directly related to the time of sampling, is the average number of samples recorded over unit time, and is commonly expressed in 'samples per second' (sps). A proper choice of sampling frequency is necessary to eliminate the incomplete wave propagation phases as well as the surrounding noise adulterations. Frequency filtering helps to reduce the noise in the signal, ensuring a high signal-to-noise ratio (SNR) in the dispersion image. Muting helps to eliminate the noise adulterations from the time-stamps of the collected signals, which in turn, reduces the noise associated with higher modes or higher frequencies. Hence, it is comprehensible that a proper choice of the data acquisition and preprocessing parameters is required to generate high resolution dispersion images, which subsequently increase the accuracy of the findings from a MASW test. Despite MASW being 4 widely used for various practical applications, it is noted that there are no specific guidelines that have been developed in relation to the effect of the above mentioned data acquisition and preprocessing parameters on the outcome of the investigation. The influence of other data acquisition parameters such as offset distance, inter-receiver spacing, length of receiver array and impact energy of the active source are well documented in Taipodia et al. (2018) .
Based on the data collected from a series of experimental investigations conducted on soil sites of different characteristics, the present study attempts to highlight the effect of some important data acquisition and pre-processing parameters on the outcome of the data analysis.
The outcome is manifested in terms of the resolution of dispersion image obtained from the dispersion analysis of the raw or processed signals. In order to demonstrate the effects of data acquisition parameters on the resolution of dispersion image, MASW data are collected for different sampling frequencies. Raw and pre-processed (filtered and/or muted) wavefields are used to compare the generated dispersion image. Based on the results, recommendations are provided about the choices of the considered data acquisition and pre-processing parameters for an active MASW test to obtain a good resolution dispersion image.
BASIC METHODOLOGY OF ACTIVE MASW SURVEY
Basically, there are three stages in an active MASW survey: Data acquisition, Dispersion analysis and Inversion analysis (Park et al 1999 (Park et al , 2007 ). An array of receivers are placed on the ground in order to record the displacements of the soil particles induced by the propagating surface waves (Park et al 1998; Xia et al 2004 Xia et al , 2009 ). The phase velocities corresponding to the frequencies of the propagating waves are delineated to develop their inter-relationship, commonly referred to as the dispersion curve (Park et al 1998 (Park et al , 2001 (Park et al , 2004 . For an initial estimate of the shear wave velocity model, a theoretically generated dispersion curve is assumed, which is subsequently optimized towards the experimental data through an adaptive iterative approach. During the iterations, the shear velocity model is continuously updated, and the finally obtained converged model is considered to be the subsurface shear velocity model (Nazarian et al 1983; Ganji et al 1998; Xia et al 1999) . It is comprehensible that the accuracy of the shear wave velocity model, obtained from the inversion analysis, is largely dependent upon the quality of the extracted dispersion curve, governed by the resolution of the dispersion image.
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RESOLUTION OF DISPERSION IMAGE
As mentioned earlier, dispersion curve is the relationship between the phase velocities of the propagating waves having the highest energy of propagation with the corresponding wave frequency. During the process of analysis, MASW approach does not attempt to identify the individual dispersion curves, rather constructs an image space where dispersion trends are identified from the pattern of energy accumulation in this space (Park et al 1999 (Park et al , 2007 .
Thereafter, necessary dispersion curves are extracted by following the image trends. All types of propagating seismic waves possessing a significant energy are considered in the dispersion image, thus generating a 3-D contour of the energy distribution in the dispersion image space. In this imaging process, a multichannel record in time (t)-space (x) domain is transformed into either frequency (f)-wave number (k), slowness-frequency (π-ω), or frequency (f)-phase velocity (C) domain. The f-k method results in the poorest resolution in imaging, whereas the phase-shift (f-C) method achieves the highest resolution (Park et al 1998; Moro et al 2003) . High resolution of the dispersion image is essential to extract the fundamental mode dispersion curve to be used in the inversion analysis. Park et al (1998) defined the resolution of a dispersion image as the resolvable capabilities along both the velocity axis and the frequency axis. The resolution along the velocity axis represents the capability to discriminate a phase velocity from other velocities at a given frequency, and vice-versa. Zhang et al (2004) stated that if the integrative energy reduces rapidly with the difference in velocity, the bandwidth would be relatively narrow; giving a relatively welldefined dispersion curve. Figure 1 highlights the energy bands corresponding to the fundamental mode, where Df and Dv, respectively, the width of a dispersion band in terms of frequency and velocity, both of which vary along the dispersion trend. In this study, basic image processing techniques have been used to identify the highest energy accumulations in the dispersion image space, as typically shown in Fig. 1(b) . The resolution of the extracted dispersion band (the white band) is quantified in dots per inch (dpi); a higher dpi of the image indicates a denser concentration of pixels contained in a unit area, thus indicating a higher resolution. (Fig. 5a ), and the incident waves are generated with the aid of a 10 kg hammer striking on a circular metallic plate (Fig. 5b) . The receivers are connected to a 24-Channel MAE Data Acquisition System (DAQ) (Fig. 5c ).
8 The natural frequency of the geophone is a very important parameter which affects the minimum usable frequency of the transducer, below which the frequency the amplitude of waves gets severely attenuated. For surface wave approaches, geophones with a low natural frequency help to obtain the maximum possible investigation depth. However, in order to obtain a low natural frequency, the size of geophone increases, thus reducing its portability.
As a compromise, geophones with natural frequency between 3-4.5 Hz are normally used (Foti et al 2014) , and accordingly, in this study, geophones of natural frequency 4.5 Hz have been utilized. The geophones are connected to the data acquisition system, which functions for conditioning, sampling and digitizing of the recorded signal. In multichannel digital acquisition, the key parameters are the numbers of channels, the accuracy of digitization (dynamic range, distortion) and the allowed time sampling parameters (maximum sampling rate, the maximum record length)
For the active MASW survey carried out for the present study, the tests are conducted having a configuration of 1 m receiver spacing, 4 m offset (distance of the first geophone from the impact source) in a linear receiver array of 24 numbers of geophones having a total array 
RESULTS AND DISCUSSIONS
Effect of Sampling Parameters
Sampling frequency or the sampling rate, f s , is the average number of samples obtained in one second (samples per second, sps), thus f s = 1/T, where, T is the sampling interval (seconds).
The sampling rate is chosen by considering the sampling theorem, incorporating the desired highest frequency of the signal (f max ). As per sampling theorem, a signal can be reconstructed exactly if it is sampled at a rate at least twice its maximum frequency component. Thus, frequency is substantially higher, more than the required information will be collected, and hence, less information from the impulse wave propagating through the geophone will be picked. In active survey, the waves produced due to impact are mostly high frequency waves penetrating smaller depths in the subsurface. For these waves, low sampling frequency proves to be insufficient, and hence, results in an obscure dispersion image, which fails to provide reasonable information. Hence, it is suggested to use higher sampling frequency in order to obtain the best possible dispersion curve.
Time of acquisition (t), or the total sampling time, is defined as the total number of recorded samples (n) per unit sampling frequency (i.e. it can be observed that all the predominant waves are not completely recorded by the geophone array, thus generating missing information in the collected record. The sampling time for the same is found to be 5120/15000=341 ms, which is not sufficient for the phases to complete. For Fig. 6b , showing the raw wavefield for sampling frequency 7500 Hz, the sampling time is 5120/7500=683ms, exhibits that the recording time is just appropriate enough for all the dominant phases to completely pass the geophone array. For the other cases, as shown in Fig. 6 (c-f), with lesser sampling frequencies, it can be observed that although the dominant phases get completed, unnecessary increase of sampling time becomes redundant in acquiring any further beneficial information, rather becomes detrimental to the signal quality due to unwanted noise adulteration. Based on active MASW survey conducted with a sampling frequency 7500 Hz, Figure 10 exhibits the wavefields collected with various sampling time. It can be observed that for this case, 5120 samples are sufficient to capture the completion of the wave propagation through the array; increase in the number of samples increases the sampling time, leading to noise adulteration. In this case as well, the best dispersion image is obtained for the optimal sampling with 5120 samples (Fig. 11a) , while, for the excess time records, the quality of the dispersion images gradually becomes inferior due to significant noise adulteration (Fig. 11b-c ). The effect of sampling frequency is also checked for Site-2, which consists of shallow depth stiffer substrata. Figure 12 exhibits the collected time stamps from varying sampling frequencies. In this case, considering 5120 samples, sampling frequency of 15000 Hz is found to be sufficient enough to trace the complete phase propagation through the geophone array. The minimum time of sampling required in this case is found as 5120/15000=341 ms. Hence, based on the present study, it can be stated that compared to the softer soil site, the time required to complete the phase is lesser for relatively stiffer sites, which can be achieved by comparative lower number of samples recorded with relatively higher sampling frequency.
The dispersion images corresponding to the time stamps (Fig. 12) is shown in Fig. 13 , from which it is observed that the resolution decreases with the increasing sampling time. Hence, it can be confirmed that undesirable sampling of the noises significantly suppress the resolution and utility of the generated dispersion image.
Based on the above observations, it can be stated that for any particular site, the complete phase of wave propagation, through the geophone array, can be tracked by various combinations of sampling frequency and sampling length. Among the possible combinations, choosing the one with higher sampling frequency provides a higher resolution dispersion image.
Based on the amplitude spectra obtained for Sites 1 and 2 (Figure 14) , it is understood that the length of the samples does not have a significant effect on the quality of the collected record, provided the phase of wave propagation is completely captured. It is seen that for a particular site, the normalized amplitudes are tolerably same for different length of the samples. Based on the above study, an optimal sample length of 5120 samples with sampling 16 frequency 7500 Hz is found suitable and chosen for the Site-1 for further processing. Site-2 being stiffer, relatively lesser sampling time proves to be sufficient; hence, a length of 5120 samples with sampling frequency 15000 Hz is chosen. Fig. 14 also indicates the range of frequencies over which the energy of wave propagation is concentrated. For Site-1, the range is between 30-40 Hz, whereas in the relative stiffer Site-2, the same is obtained around 100-120 Hz.
(a) It is observed that the records collected using 50 Hz sampling frequency are insufficient to produce a dispersion image with clarity due to the violation of the basic sampling theorem.
Lower sampling frequencies have higher sampling intervals, and hence, record too less number of bits of information from the wave propagating through the geophone array. As a result, lower sampling frequencies are unable to represent the detailed characteristics of the propagating medium, and are not recommended for further use.
From the above study, it is concluded that proper choice of sampling frequency is necessary for obtaining good resolution dispersion image. The conventional notion that the resolution of the dispersion image increases with the increase in sampling frequency is not always necessarily true. In fact, the choice of sampling frequency is dependent upon the time of sampling and the total length of the sample. Before carrying out any rigorous experimentation at a particular site, it is recommended to check whether the chosen sampling frequency is appropriate by reading the recorded phase propagation pattern. It is important that only an optimal time is chosen so that the collected records are complete and devoid from the adulterating noise to the maximum possible extent. 
Effect of Frequency Filtering without Muting
As mentioned earlier, frequency filtering is a technique to enhance the resolution of dispersion image by suppressing the amalgamated noise, mostly associated with higher frequencies. Dziewonski et al (1969) introduced the Multiple Filter Analysis Technique (MFAT), to determine the group velocities of dispersed waves, which was later applied by Mitchell (1973) to determine the spectral amplitudes of the individual modes. Raw wavefield is generally filtered and muted, aiming to create a dispersion image of high resolution. As per the conventional filtering theory, four variants of filtering are commonly applied viz. Low-cut (only high frequencies are allowed to pass), High-cut (only low frequencies are allowed to pass), Band-cut (a band of frequencies is restricted from passing) and Band-pass (only a specific frequency band is allowed to pass). In the present study, commercial software SURFSEIS is used which has all the above four filtering options inbuilt in the signal processing module. In order to decide the best suited filter type for the present study, a thorough study is carried out to understand the functions and their efficiency of all the variants to obtain a good resolution dispersion image by processing the collected time signatures.
Filtering is carried out based on the response of the amplitude spectrum to the applied filter.
The amplitude spectra of MASW record, as shown in Fig. 14, indicates that the effective frequency content ranges between 5-100 Hz for Site-1, and 5-280 Hz for Site-2. Based on the observed effective frequency content of the signal, the frequency ranges adopted in the present study for various filtering approaches are listed in Table 1 . In Table 1 and f 4 denote the theoretical stopping range. For High-cut filter, f 3 is the practical cutoff value and f 4 is the theoretical value; frequencies below f 3 will pass and all other frequencies above be cut off. For low-cut filter, f 2 is the practical cutoff frequency and f 1 is the theoretical limit. To illustrate the influence of the choice of filter, exercise is carried out by processing the raw wavefield using all the above-mentioned variants of filter. Figure 15 shows a raw signal recorded at Site-1 and its corresponding dispersion image. Figure 15a shows that the unfiltered raw data is obscure in few of the traces, indicating noise contamination and resulting in discontinuity in the phase propagation through the geophone array. The corresponding dispersion image (Fig. 15b) comprises of a thick band of dispersion trend, rendering it unreliable to extract the dispersion curve. Moreover, significant energy is solely accumulated in lower frequency range (<10 Hz) indicating noise contamination from the low frequency waves. These observation calls for the adoption of frequency filtering.
The outcome of filtering on the collected records and the corresponding dispersion image are expressed in Figures 16 and 17 , respectively. Figure 16 (a-d) shows the modified time records obtained after the application of various filters namely Band-pass, Band-stop, High-cut and Low-cut, respectively. It is observed that the application of Band-stop (Fig. 16b) and Low-cut filter (Fig. 16d) difficult to identify and extract M0 dispersion curve (Fig. 17b) . The dispersion image corresponding to the time-signal obtained from Low-cut filter (Fig. 17d) is extremely obscure and fails to provide any information, and hence, is refrained from further analysis. Park et al (2002) specially mentioned to avoid the used of low cut filters. Dispersion image obtained from Band-pass filtering (Fig. 17a) exhibits a long and distinct energy trend in the fundamental mode, uncontaminated by noise. In such case, the extraction of the M0 dispersion curve becomes easier, since it is possible to locate the peak energy points at various frequencies with greater reliability. The modified time signature of the signal obtained from the High-cut filtering (Fig. 16c) is nearly similar to that obtained from Bandpass filtering (Fig. 16a) . However, the corresponding dispersion image from the High-cut filtering (Fig. 17c) is different (Fig. 17a) , exhibiting a truncated trend of M0 dispersion curve. 
Effect of Muting without Frequency Filtering
Muting is a pre-processing task that is aimed at optimal removal of body wave intrusions and other low amplitude noises present in the raw wavefield. It is performed by selecting two limiting scanning phase-velocities on the wave field, meant for top-muting and bottommuting, based on which the events above and below the corresponding limits will be removed (Ivanov et al 2005) . Baker et al (1998) stated that the noise muting can be applied on the raw record obtained from surface wave surveys. The region of muting is commonly referred as noise cone, and thus the muting technique is known as the noise cone technique. The noise cone, which is muted, necessarily contains air wave and the low frequency waves which act as an incoherent noise.
Based on the collected raw wavefield (Fig. 15a) , the effect of extent of muting conducted on the unfiltered record is exhibited in Fig. 18 . Muting helps to suppress the wavefield characteristics recorded beyond specific phase velocities. Introduction of excessive muting may result in significant loss in the wavefield characteristics, and hence, muting operation should be controlled so that an optimum energy content of the signal is maintained while removing the adulterating noises. Muting is carried out by eliminating the wave signatures which are not in phase. The muting operation is carried out along the slope of the identified prominent phases of the wavefield, as shown in figure below. Those wave signatures which are not in the phase probably originate from nearby sources which actually act as a noise.
Intrusion of noise causes contamination and results in poor resolution of dispersion images. Figure 18 shows the extent of removal of phases which does not conform to the prominently identifiable phase velocities. Figure 18a is the case where the excessive muting is adopted, and only a single wavelength of the propagating phase is allowed to pass. It is seen from corresponding dispersion images at Fig. 19a that excessive muting eliminates the prominent signals as well, and hence, results in significant loss of information, and the corresponding dispersion image fails to provide any information. As the extent of muting decreases i.e. two wavelengths of the propagating wavefield are allowed to pass (Fig 18b) , the dispersion image comparatively records more energy (Fig. 19b) . Subsequently, three or more wavelengths are allowed to pass as shown in Fig. 18c , exhibiting even more energy in the dispersion image (Fig. 19c) ; a proper dispersion trend is obtained in this case in the range of 7-20 Hz, and is considered to be optimal image obtained due to various extents of muting. Finally, a minimal muting is carried out to remove only the uneven phases, as shown in Fig. 18d . However, in this case, the corresponding dispersion image (Fig. 19d ) becomes difficult to ascertain a significant concentration of energy. This can be observed at the low frequency range, which is mostly attributed to the accumulation of noise. 
Combined Effect of Band-Pass Filtering and Muting
From the above sections, it is clear that Band-pass filter is best suited for obtaining a good resolution dispersion image. However, attempt has been made to further refine the resolution of the dispersion images by muting the uneven phases in the filtered MASW record. The earlier section has revealed that an optimum muting is necessary to prevent excessive loss of information. Figure 20a shows raw wavefield record obtained from Site-1, where the phases lack clarity from noise contamination. Figure 20 (c-d) depicts the modified wavefield records after processing through only muting (Fig. 20c) , only filtering (Fig. 20d) , and combined filtering and muting (Fig. 20d) . It is observed that application of both filtering and muting techniques produces the best quality wavefield records. Typical MASW raw wavefields obtained from Site-2 is also subjected to the combined filtering and muting processes, as shown in Fig. 22 . It is observed that the raw wavefield possess recognizable noise adulteration (Fig. 22a) , which is suppressed by the application of Band-pass filtering and muting (Fig. 22d) . For the sake of comparison, Fig. 22b and Fig. 22c show the wavefield records obtained by subjecting the raw wavefield to 'only muting' and 'only Band-pass filtering' operations, respectively. It is observed that, in this case as well, the best result is obtained when the raw wavefield is subjected to 'combined muting and Bandpass filtering' operations. The corresponding dispersion images are highlighted in Fig 23. A minute scrutiny reveals that Fig. 23(a) contains the aliasing effect and energy accumulation in the very low frequencies of the dispersion image, which is absent from the image obtained from signal processed with simultaneous muting and Band-pass filtering (Fig. 23d) . The dispersion images obtained from the other preprocessing operations fail to provide appropriate information. Dispersion image obtained from 'only muting' operation leads to significant low-frequency aliasing (Fig. 23b) , while the same obtained from 'only Band-pass filtering operation' shows reduced resolution. Hence, the influence of combined Band-pass filtering and muting process is also effective for the shallow soil sites underlain by stiffer stratum. 
CONCLUSIONS AND RECOMMENDATIONS
An attempt has been made to understand the influence of some of the data acquisition and signal preprocessing parameters on the resolution of dispersion image obtained from active MASW surveys conducted on two sites having different substrata characteristics. Based on the study, the following conclusions and recommendations are provided to obtain the best resolution dispersion image.
 The optimal sampling frequency is site dependent. For sites comprising of softer strata (N≤25), sampling frequency of 7500 Hz is recommended, while sampling frequency of 15000 Hz is recommended for sites having shallow depth stiffer stratum (N>40). Optimum sampling time depends on the completion of phase propagation through the receiver array without inducing noise adulteration in the wavefield record.
A sample length of 5120 samples is recommended for both types of sites.
 Out of the several combinations sampling frequency and sampling time which allows for the optimal completion of phase propagation, the maximum sampling frequency is recommended.
 Sampling frequency less than 1000 Hz is recommended to be avoided due to excessive sampling time and accumulation of noise in the wavefield.
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 The significant frequency range to be filtered is site dependent and can be obtained from the normalized amplitude spectra of wavefield records. The filtering frequency range for soil sites underlain by a shallow depth stiffer stratum is higher (approx. 5-300 Hz) in comparison to that of softer sites (approx. 5-40 Hz). 
